This paper analyzes, theoretically, an atomic double-slit interferometer in order to probe the extent to which complementary properties affect quantum interference. It is shown that if the energy eigenstates of a two-level atom are one-to-one correlated with its particle and wave behaviors, complementary phenomena can be measured simultaneously, indicating a reinterpretation of the complementarity principle. We also demonstrate that these complementary properties can be further distinguished by using a post-selection process.
Introduction
The complementarity principle is one of the cornerstones of quantum theory. Announced in 1928 by Niels Bohr [1] , this concept, which has no classical analog, establishes that quantum systems possess properties that are mutually exclusive: Depending on the experimental arrangement, the behavior of subatomic particles such as photons and electrons is sometimes wave-like and sometimes particle-like, with the proviso that it is impossible to observe both aspects simultaneously. In Bohr's words [2] : "the study of complementary phenomena demands mutu-ally exclusive experimental arrangements." In the laboratory, however, the most remarkable evidence of wave or particle features of a quantum system is its ability or inability to produce interference, respectively [3] .
Probably, the best illustration of wave-particle complementarity is given by the double-slit experiment. Richard Feynman famously stated [4] that this experiment lies at the heart of quantum mechanics, and, in reality, contains the only mystery of the theory. Indeed, it is difficult to devise another experiment that embodies so simply and completely the strange features of the theory. Notwithstanding, even nowadays the double-slit experiment has been used to study the most fundamental manifestations in the quantum domain, offering alternative perspectives [5] [6] [7] .
In this paper, we propose a double-slit-like gedanken ex-periment in order to examine complementary aspects of a beam of propagating two-level atoms. The energy eigenstates of the atoms are one-to-one correlated with the particle and wave behaviors of their center-of-mass wavefunctions when passing through the apparatus. Remarkably, it enables us to measure complementary phenomena with a single experimental setup, pointing to a reinterpretation of the complementarity principle. Recently, a similar result has been theoretically demonstrated [8] and experimentally verified [9, 10] for photons. However, to our knowledge, this is the first demonstration of this feature for matter waves, and, contrary to what has been presented in literature [8] [9] [10] , we demonstrate that such a behavior does not demand a quantum measurement device in a superposition state. Furthermore, by means of a post-selection process, it is possible to distinguish both particle and wave behaviors of the atoms long after their detection.
In Section 2 we describe the experiment. In Sec. 3 we have an analysis of the post-selection procedure. Section 4 exposes the conclusions.
Experimental proposal
The gedanken experiment consists in a beam of atoms prepared in a superposition of two energy eigenstates | (ground) and | (excited), corresponding, for example, to two circular Rydberg states, due to the passage through a resonant cavity (named as coupling cavity) containing radiation. After that, as illustrated in Fig. 2 , a series of collimators are used to select two atomic beams that arrive at a double-slit apparatus where interference phenomena may take place. However, between the collimators and the slit plate, the atoms are allowed to traverse two other resonant cavities (decoupling cavities) in the vacuum state. Here we consider that the atoms are sent one at a time.
The configuration of the decoupling cavities is such that they guarantee that if an atom is, for example, in the excited state before passing through them, it will certainly emit a photon there, leaving which-path information behind. In this situation, the atom exits the decoupling cavity in the ground state, and no interference pattern could be observed on the detection screen (particle-like behavior). Conversely, if an atom is in the ground state before passing through one of the decoupling cavities, no photon is emitted, and no which-path information is left. It turns out that the atom also leaves the decoupling cavity in the ground state, but one could see the formation of interference on the screen (wave-like behavior). The assumption of Rydberg states is important in our analysis because, as they have long radiative decay times, we can assume that atoms will not emit radiation outside the cavities. The role played by the coupling cavity is to prepare the atoms in a quantum superposition of ground and excited states. Accordingly, the which-path information (photon) is left in one of the decoupling cavities only if the atoms collapse there in the excite state. It gives a wave-like behavior to the spatial wavefunction of the atoms. On the other hand, if the atoms collapse in the ground state inside one of the decoupling cavities, no which-path information if left, and, hence, a particle-like behavior takes place for the spatial wavefunction of the atoms. Following Bohr's interpretation [1, 2] , the superposition of states created in the coupling cavity leads the atoms to be in a superposition of particle and wave behavior at the same time. For instance, if the atoms are prepared in the state 1 √ 2 (| + | ) when passing through the coupling cavity, right after the slits we will have the atoms in the following final state
with
, where |ψ 1 and |ψ 2 represent the quantum states of the atoms corresponding to the passage through slit 1 and 2, respectively. The ket |0 represents the state in which there is no photon in the decoupling cavities, and the kets |1 and |2 represent the states in which one photon can be found in the cavity 1 and 2, respectively. The ket | in Eq. (1) is because all the atoms leave the decoupling cavities necessarily in the ground state. The density matrix for this system is given by ρ = |ψ ψ|. However, if we are interested in describing the behavior of the atoms in the detection screen, this is where the reduced density matrix ρ related to the center-of-mass wavefunction comes into play. It is obtained by tracing the density matrix over the photon number states in the cavities and the energy eigenstates of the atoms in the following form
where
This density matrix corresponds to a particle density ρ( ) on the detecting screen given by
where ψ ( ) = |ψ , = 1 2.
If we had a pure ensemble of excited state atoms entering the decoupling cavities, that is, particle-like atoms, the behavior of the system would be dictated by the following reduced den-
It gives a density of atoms on the screen given by
This case was explored by Scully et al. [11] in another context. On the other hand, for a pure ensemble of ground state atoms (wave-like atoms), the reduced density matrix is ρ = T E | | =
=1
| | , which gives the following density of atoms
The last two terms give rise to interference. Notice that this is the case of a simple double-slit experiment where the information about the path taken by the atoms is not available.
For the new case presented here, we can write the density of atoms with coupled internal states, Eq. (3), as
which represents an interference pattern with reduced visibility. Just for the sake of visualization, let us assume that the wavefunctions of the atoms after they have passed through some slit are spherical waves so that we can write
which is valid for > 0, with representing the distance from the slit to the point in question, the de Broglie wavenumber and = 1 2. Now, if we consider that the distance between the slits and the screen is much bigger than the distance between the two slits, we can use the Fraunhofer diffraction limit [12] to write 1 2 ≈ L ∓ θ , where the coordinates, the angle θ and the distance L are defined in Fig. 2a . In this manner, Eq. (7) becomes
With these approximations, if we substitute Eq. (8) into Eqs. (4), (5) and (6) and notice that the denominators can all be absorbed into an irrelevant overall factor, we can write the probability distribution of detecting an atom in the region around = 0 for particle-like, wave-like and coupled behaviors, respectively, as ρ ( ) = 1, ρ ( ) = 1 + cos(2 θ ) and ρ( ) = 1 2 {2 + cos(2 θ )}. The symbol = stands for equal apart from a factor. Fig. 2b illustrates these results.
Figure 2.
In this figure we show a) the distance L and the angle θ that determine the double-slit arrangement in Fig. 2 , and b) the sketch of the approximate density of particle-like and wave-like atoms, as well as the density of atoms with the coupled behavior in the region around = 0.
As we can see, the atoms with coupled behavior present a mixture of particle-like and wave-like features. Thereupon, contrary to Bohr's statement [2] -"the study of complementary phenomena demands mutually exclusive experimental arrangements"-, in our experimental proposal the setup does not have to be changed in order to observe both properties. We can measure both properties with a single experiment at the same time. Eqs. (1) and (6) clearly show this property.
It has been recently reported by Ionicioiu and Terno [8] that photons exhibit a similar behavior when traversing a Mach-Zehnder interferometer, in which the second beam splitter is a quantum object in a superposition state. However, this work has enforced the idea that measurements of complementary phenomena with a single experimental setup are only possible when one employs a quantum device prepared in a superposition state. Contrarily, this was not required here. We have demonstrated that no quantum device in a superposition state is necessary for the atoms to manifest both properties of particle and wave at the same time. Specifically, we have seen that only the fact that the quantum system -the atom in our case -is in a superposition of states that are one-to-one correlated with its particle-like and wave-like behaviors is enough to fulfill this requirement. Here the correspondence is | → | and | → | . It is known that atoms in state |ψ can have both wave and particle behaviors with equal probability. However, this result can be generalized to an arbitrary superposition. We accomplish this by varying the interaction time between the atom and the coupling cavity. During this stage of the experiment, the energy of the atom oscillates between | and | in the so-called Rabi oscillation [13] . The state of the atom as a function of time can then be written as |ψ = ( ) | + ( ) | , where ( ) and ( ) are time-dependent probability amplitudes, with the probabilities for finding the atom in the ground or excited states given by | 1 ( )| 2 = cos 2 (Ω R /2) and | 2 ( )| 2 = sin 2 (Ω R /2). The parameter Ω R is the Rabi frequency of the oscillation. Therefore, by selecting the speed of the atoms, one can control their interaction time with the coupling cavity in such a way that an arbitrary superposition state can be created. Then, after the passage of the atoms through the slits, the following arbitrary state is obtained
In this case, the density of atoms in the detection screen can be found to be
Thus, by varying α, that is, by changing the speed of the atoms, we can continuously modify the interference pattern on the screen. In this manner, the atoms present a morphing behavior between particle and wave, which also appears to be a new feature for matter waves. This feature was also demonstrated for photons [8] , but, contrary to this proposal, a modification in the apparatus was required.
Regarding the feasibility of our proposal, it is interesting to recall the seminal experiment by Carnal and Mlynek in which a beam of metastable helium atoms passes coherently through two 1-µm-wide slits separated by 8 µm [14] . Here, the use of helium would also be appropriate for several reasons. First, metastable helium atoms are easily detected, have a long-lived excited state in free space, which is a requirement now, and have optical transitions in the infrared. The last property allows the preparation of the atoms in a superposition of two energy eigenstates by using laser fields instead of the coupling cavity. Second, helium atoms have low mass, leading to a large de Broglie wavelength, which can provide well-resolved fringes. In Ref. [14] , the authors set the temperature of the atoms at T = 83 K, corresponding to a de Broglie wavelength of λ B = 1 03 Å, and the distance between the slits and the detection screen at 64 cm. They could see adjacent maxima in the inteference pattern with a distance of approximately 10 µm, which could easily be resolved by two different detection techniques. The role of the decoupling cavities can be played by two Fabry-Perot microcavities (∼ 1 µm in diameter) [15, 16] placed at each slit and tuned to the atomic resonance frequency in order to enhance the transition probability between excited and ground states in this region. As we can observe, no device in a superposition of two quantum states is required in our description. Hence, an experiment with this configuration could shed a new light in the understanding of the complementarity principle.
Post-selection
It is insightful to analyze this apparatus as a postselection experiment. As we have seen, an interference pattern with variable visibility is obtained on the detection screen. However, it is remarkable that we can extract both a pure interference pattern and a classical pattern (no interference) from this mixture. Indeed, in order to accomplish this, the experimenter only needs to verify if there is a photon inside some of the decoupling cavities or not. This verification can be done after the atom has been detected on the screen, i.e., the experimenter can find out if the atom behaved like a particle or like a wave long after the detection on the screen (post-selection).
In order to clarify these statements, suppose that after an atom has been detected on the screen, the experimenters analyze the decoupling cavities and verify if there is a photon there. If they decide to only mark on the screen the atoms which left no photon in the cavities, neglecting the marks of those which left a photon, a pure interference pattern is obtained. On the other hand, if they decide to only mark the atoms which left photons behind, neglecting the others, the screen will exhibit a classical pattern without interference. This analysis enforces the idea that post-selected ensembles are "purer" and contain more information than ensembles that are only preselected [17, 18] .
Conclusion
In conclusion, we proposed and analyzed a new gedanken experiment where the recently discovered morphing behavior between particle and wave of photons [8] was extended to matter waves (atoms). This raises the idea that both light and matter can exhibit simultaneous complementary behaviors when observed with a single experimental setup, pointing to a reinterpretation of the complementarity principle. Nevertheless, contrary to what has been said in recent literature [8] [9] [10] , we demonstrated that this characteristic does not require that a component of the apparatus is a quantum device in a superposition state. Instead, we have seen that, even in the absence of such quantum devices, a system in a superposition of states that are one-to-one correlated to the particle and wave behaviors of the center-of-mass wavefunction also possesses this property. In addition, the present scenario also appeared to be an interesting post-selection experiment where interference could be totally recovered by correlating the data of the atoms detected on the screen with the number of photons inside the decoupling cavities. Given the complexity of similar experimental realizations [13] [14] [15] 19] , we consider that our proposal is feasible with current technology.
